A 
INTRODUCTION
Structural vibration measurements can conveniently be divided into two types: those involving discrete point measurements, using an accelerometer or equivalent transducer; and spatial field measurements, of which holography and speckle pattern interferometry are modern examples, (though the use of sand patterns for nodal line identification goes back to the 19th century). The two have been somewhat complementary, in the sense that accelerometers (together with input force transducers) readily give frequency domain data (Frequency Response Functions -FRFs) at discrete points, whereas field techniques give spatial data at a single frequency directly, but require considerable data storage and handling facilities for extended frequency responses.
Analysis of limited accelerometer FRF surveys leads directly to the notion of modal analysis and an experimentally-derived but limited set of eigenvectors and eigenvalues for structures. In reality, of course, all structures are continuous, and a complete description of a vibration response "mode shape" would involve an infinite set of response vectors, with three-directional components, at a continuum of points within the three dimensional volume bounding the structure. No experimental technique is capable of such a complete measurement: the field measurements mentioned above can only measure over a limited surface area, and only in one direction at a time.
The Laser Doppler Vibrometer (LDV) operates by measuring the velocity of a point addressed by a focused laser beam, using the Doppler shift between the incident light and scattered light returning to the measuring instrument. This has the distinct advantages of avoiding loading the structure being tested and of allowing the point addressed to be easily altered, by interposing adjustable beam-directing mirrors. Advantage has been taken of the LDV to give a half-way house between the use of accelerometer arrays, which give FRFs at very limited numbers of points, and field measurements, which have a much higher spatial resolution (Reference [1] , for example). Response measurements can, with an LDV, be obtained successively at hundreds or thousands of designated points without any of the structural changes so often introduced by accelerometer loading, and without multi-channel instrumentation. One disadvantage of the LDV is that the unavoidable optical phenomenon of speckle noise means that, in a typical point-by-point LDV survey, the LDV signal is spoiled at a few points by "speckle drop-out" and some form of data smoothing may be necessary to give a true picture of the spatial mode shape.
This paper describes a number of modal testing techniques involving a Scanning Laser Doppler Vibrometer (SLDV) in which the measurement beam is continuously swept over the surface of a vibrating structure to give vibration measurements along a line with a spatial resolution at least as good as those of hologram and Speckle Pattern Interferometry techniques. The SLDV has some advantages over the stepped LDV: the amount of data required to describe the mode shape can be much reduced, and the speckle noise which, where present, is often synchronised with the response frequency for point measurements, gives very short asynchronous random pulses with laser scanning which, in the frequency domain, give a low-level broad-band background noise.
The work described here has its origins in an (unpublished) technique developed in 1979 by the first author, with colleagues at the Rolls-Royce Small Engine Division, using a circular-scanning near-field microphone to detect vibrating mode shapes of circular, disc-like components. This technique was very effective in determining the number of nodal diameters associated with disc modes. More quantitative measurements became possible with the advent of the steerable-beam LDV. A two-beam technique was published by Sriram et al. in 1990 [2] and simpler single-beam techniques in 1992 [3] and 1994 [4] .
CONTENTS
If an SLDV beam is scanned over a harmonically-vibrating surface at a uniform speed, the LDV output signal will be modulated, the envelope giving the Operating Deflection Shape (ODS) as a function of time, and hence of distance along the scan line. This paper first describes the demodulation of various types of scan as a means of visualising ODSs.
The output spectrum of an SLDV can be used to evaluate coefficients for series defining the ODS: series which, in principle, have a limited number of terms, if the ODS is smooth. Techniques for circular and straight-line scans are described. Applications of circular scans to measurement on vibration of rotating discs, measurement of angular vibration and of vector vibration -magnitude and direction -at a point are also covered.
Finally, 2-dimensional ODS series may be produced either from sets of straight-line scans, or by using a continuous 2-dimensional sine scan.
It is clearly impossible here to give full details of all the techniques and so other papers which supplement this information are listed in the References.
2. TEST TECHNIQUE All the techniques described below involve sine testing, i.e. testing of a structure which is assumed to be effectively linear, excited by a sinusoidal input forcing so that the response at any point, measured in any direction, is also sinusoidal, at the same frequency. The response, in general, is not in phase with the force, nor does it necessarily have a uniform phase across the scan. It may be useful to recall the definition of a real mode as one in which the motions of all points on a structure are in phase with each other (or 180° out of phase). In other cases the mode is complex, having real (in-phase) and imaginary (quadrature) components in different proportions at each measurement location. ODSs have contributions from more than one natural mode, each with a different mode shape and phase-shift. A 'real' ODS is therefore, strictly speaking, only produced on undamped structures but, in practice, response mode shapes of lightly-damped structures measured at natural frequencies are usually very nearly real, and nearly the same as the undamped natural mode-shapes. In other cases, particularly if there are close natural frequencies, or with heavily-damped structures, an ODS may be markedly complex. If frequency responses are available, modal analysis may be applied, which process eliminates the contributions from extraneous modes, extracting the natural mode shapes. Natural modes are real in many more situations, for example, whenever the damping is proportional, of whatever magnitude, see [5] , for example.
TEST EXAMPLE
As an example, an SLDV has been used to study a steel plate, 175 x 175 x 1 mm, with its lower edge clamped between two massive blocks to approximate a cantilever condition. The plate was excited into vibration with a small electro-dynamic shaker, powered by a 25W amplifier, attached at point q in Figure 1 , so as to excite transverse (z-direction) sinusoidal vibration. Figure 1 . Point FRF of test plate -accelerance A q,q -using non-scanning LDV.
The plate was very lightly damped and had several modes below 1kHz, as illustrated by the conventional point FRF in Figure 1 measured using a non-scanning LDV at the drive point. (The LDV signal was, in this case, time-differentiated, for comparison with an accelerometer FRF.) Most of the illustrations included here relate to response measurements at a plate resonant frequency at 495Hz.
An analogue multiplier provided a convenient method of signal processing for demonstration purposes, although numerical processing techniques have clear advantages for a practical implementation.
SLDV signal analysis often involves extraction of frequency-domain components, illustrated here by magnitude and phase spectra which exhibit a characteristic sideband structure. There are problems in using a DFT to derive complex spectra if the components do not exactly coincide with transform lines, and other numerical curve-fitting methods may be preferred. Advantage can be taken of the fact that the LDV signal component frequencies are known in advance, being simple functions of the excitation and scanning frequencies.
MODE SHAPES BY DEMODULATION
The sinusoidal vibration velocity v z of a point, in direction z, perpendicular to a surface nominally in the plane x,y, at a frequency ω, can be written as:
where s is the distance of the point along a scan line and V a and V b are in-phase and quadrature coefficients relating to some datum, usually an input force signal. (Vibration is expressed here as a velocity simply because an LDV measures this quantity.) If the SLDV beam is scanned at a uniform rate, v z may be considered as a function of time only, and the ODS may be obtained by demodulating the SLDV output signal. A convenient method for demodulation is simply to multiply the LDV output by in-phase and quadrature signals at the excitation frequency, giving
V a (t) cos 2 ωt + V b (t) sinωt cosωt = ½ V a (t) + ½ V a (t) cos 2ωt + ½ V b (t) sin2ωt
If a sufficiently slow scan is used, the signal components at around frequency 2ω can be removed with a low-pass filter, leaving real and imaginary mode shape data. The resolution of the mode shape measurement is set by the signal sampling rate, that shown in Figure 2 , for example, was sampled at 418s -1 , giving a (circular) scan resolution of 0.57°. Figure 3 shows ODSs, at the same frequency, employing a triangular wave input to the y-axis mirror, to give a straight-line scan along the left-hand edge of the plate. With the latter arrangement, of course, the vibration pattern is scanned alternately in opposite directions. Another useful scan pattern is the uniform-rate rectangular scan, involving scan mirror inputs of the type sketched in Figure 4 . For the test plate used as an example here, for example, a square scan could be used to display the demodulated ODS at a frequency, around the whole periphery, in one measurement.
This, it may be argued, would give a more comprehensive view of the mode shape than either Figure The basic phase of the demodulating multiplier input has to be decided. Where FRF data are required, measurements are repeated at different excitation frequencies, and complex mobilities derived by using demodulation inputs in-phase and in-quadrature with the input force signal. For the case illustrated here, the demodulation input phase was first adjusted to minimise the output, to give the effectively-zero imaginary part of the ODS, and then shifted by π/2 to give the real component. This procedure is useful where mode shape complexity, or lack of it, is to be demonstrated.
A main source of systematic error, which can be difficult to calibrate out, is scan distortion. Input signal distortion or non-linearity in the LDV deflection mirror drive system may, in the case of a 'circular' scan, produce distortion of the circular scan trace. This can be corrected but, even after such correction, it is difficult to guarantee that the circle is followed at a precisely uniform rate. Uniform-rate straight-line scans are likely to suffer rather more, the instantaneous reversal in velocity at each end of the sweep particularly taxes the capability of the mirror drive electronics. Distortions in this case usually appear only near the scan endpoints. There are no such sudden reversals with a sinusoidal straight-line scan (Section 2.4, below) but distortions can still occur, and may be particularly difficult to detect. Speckle drop-out, an unavoidable optical phenomenon, inevitably produces random noise, apparent in Figures 2 and 3.
CIRCULAR SCAN SPECTRA
The mode-shape contributions V a and V b in equation (1) can expanded as spatial Fourier series, along the scan line. If the SLDV is scanned uniformly in a circle at rotational speed W, the distance round the scan, from a datum radius, may be represented by Ωt, with α and γ included as temporal and spatial phase shifts from their relevant datums, so that:
n=1 which expands to give:
There are therefore sideband pairs in the SLDV spectrum, spaced at + nΩ about the vibration frequency, ω. The Fourier coefficients V an and V bn for the (complex) mode-shape components, and the phase angles α n and γ n are easily derived from the magnitudes and phase angles at the sideband frequencies.
If the mode-shape is smooth; the Fourier series is limited, there being no significant terms above, say, the p th . If the ODS is real, the V bn coefficients are all zero so that each pair of sideband components have equal amplitudes, as explained in [6] .
In the context of a circular vibrating disc, V an and V bn represent spatially-orthogonal, uniform cosine and sine, n-nodal diameter amplitude distributions. If they are of equal magnitude they represent a pure travelling wave response; if only one is present, there is a pure standing wave.
Circular-scan SLDV spectra (magnitude and phase) of the example cantilever plate mode are included in Figure 5 . A scan frequency of 10Hz was used. Note that there is a noise floor, due mostly to speckle drop-out effects, about 40dB below the maximum signal component. The phase data, except at the sidebands, are random. The sideband amplitudes and phase data have been used as Fourier coefficients to reconstruct the ODS, which is directly comparable with that in Figure 2 . A sixth-order series, i.e. one using terms up to cos 5(θ + γ 5 ), was used. The angles γ n define the spatial orientation of the mode shape. The datum direction is set by the starting point of the signal sample being analysed: it is convenient to set this when one of the mirror scan signals passes through zero, (with due allowance for any time delay in the mirror drive system) so that the reference direction is the x or y axis. In this particular case the mode shape is symmetrical, and points corresponding to positions A and C in Figure 2 are easily identified.
Rotating Discs
The SLDV can, in principle, be applied to the measurement of vibration of structures that are moving, provided proper account is taken of the relative motion. This is particularly easy for a circular scan of a rotating disc when the scan axis and rotation axis are coincident.
Measurement of out-of plane vibration of axi-symmetric and near-axi-symmetric rotating discs is a matter of considerable interest and importance in most rotating machines. The circular scanning technique described above may be applied equally to a rotating as to a non-rotating component, though the response frequencies for the former case are modified by the disc's rotation, [7] .
In many cases disc vibration response is predominantly in a particular "diametral" mode, with a corresponding number of nodal diameters, contributing a single pair of sidebands in the SLDV response. As mentioned above, such disc modes involve the summation of 'forward' and 'backward'-travelling waves (which, if of equal magnitude, give a standing wave in the disc).
Excitation in fixed co-ordinates at frequency w leads to excitation of a mode with n nodal diameters in the disc's frame of reference (rotating at the disc speed Ω D ) at frequencies (ω + nΩ D ) and (ω − nΩ D ). Either or both frequencies may excite disc resonant mode pairs which are orthogonal in temporal and spatial senses (i.e. their vibration components are in quadrature and the nodal lines of one mode coincide with the anti-nodes of the other, on the disc, in rotating coordinates). These produce sidebands, spaced by multiples of the LDV speed relative to the disc, n(Ω − Ω D ), centred on the disc frequency (ω + nΩ D ).
The four components in the SLDV spectrum are: In many practical cases, excitation is due to steady forces fixed in a stationary frame of reference, so that ω = 0 and responses appear at frequencies nΩ and n(2Ω D − Ω). When the mode shapes have a number of Fourier components, a set of four sidebands may appear in the SLDV output spectrum for each response component, n. Figure 6 displays a simple example of a disc rotating at 16 Hz (rev/sec), with a 3 nodal-diameter resonant frequency, 394 Hz in the disc's frame of reference, excited by fixed excitation at 394 -(3x16) = 346 Hz. The SLDV scan was at 10 rev/sec and two sidebands appear in the SLDV spectrum: at 394 + 3x(16 -10) = 376 and 412 Hz.
If complex (magnitude and phase) information is obtained, the vibration can be evaluated at specific positions on the rotating disc. Simultaneous records of SLDV output, input excitation (force) and disc-position signals are required.
Small Scale Circular Scans -Measurement of Angular Vibration
Usually, if the size of a circular scan is reduced, a scan diameter will be reached where the local structure moves, within the scanned area, as a rigid surface, exhibiting only translational and rotational motion. In this situation the number of sidebands in the SLDV signal reduces to just a single pair. The out-of-plane translation motion (parallel to the scan centre-line axis) is given by the zero-order amplitude and out-of-plane rotations (about axes perpendicular to the scan centre-line axis) by the sideband amplitudes.
The maximum scan diameter which can be used depends on the spatial wavelength of the vibration. The required condition can be easily identified in practice because 2 nd and higher-order sidebands diminish to insignificance. The general state of out-of-plane angular vibration that can exist at a point comprises principal rotations θ a and θ b that are orthogonal in the sense of being in quadrature with each other, and in the sense that the rotation vectors are π/2 apart in space, Figure 7 . Provided that the θ a and θ b vectors are perpendicular to the scan axis, these principal angular vibrations are exactly analogous to the real and imaginary first-order (one nodal diameter) vibration components determined with large-diameter circular scans. A small-diameter circular scan therefore enables the directions and magnitudes of the principal rotations to be determined directly. The magnitude of the lower sideband is (θ a + θ b ) R/2, and that of the upper sideband is (θ a − θ b ) R/2. (R being the scan circle radius.) The associated phases are (α 1 + γ) and (α 1 − γ). The principal angular rotations are θ a cos(ωt + α 1 ) and θ b sin(ωt + α 1 ), g gives the direction of the principal axes. The same analysis methods as used for large-scale scans may be used, more detail of the technique being given in [4] .
The attainable accuracy of angular vibration measurement depends, obviously, on the scan diameter, which is restricted to one over which the motion may be assumed to be that of a rigid surface. It also depends on the ratio of the translational amplitude v z (which contributes the zero-order response spectrum contribution) to the angular amplitude which gives the sidebands.
Since speckle effects commonly produce a noise floor at around -40dB re full-scale, the minimum angular vibration, in radians, which can be measured is about 0.02V z /R, i.e. a maximum vibration amplitude at the scan radius, caused by angular vibration, of not less than 2% of the translation amplitude. If a circular scan is directed around a circle near the periphery of a lens, focusing at a point on a vibrating surface, the point is scanned in a cone whose semi-angle θ may be as great as 30° with a suitable short-focus lens. Under these circumstances the SLDV output again has a component at the excitation frequency and a pair of first-order sidebands. If the vibration, of magnitude V, is in a vector direction given by cylindrical coordinate angles γ and β, Figure 8 , the zero order SLDV spectrum magnitude is Vcosθ cosγ, at phase α. The sideband magnitudes are (both) V/2 sinθ sinγ, with phase angles (α + β) and (α − β). (α is the phase of the vibration relative to a reference signal at frequency ω -usually the excitation force signal). Knowing θ, the vibration vector is easily determined. An example is included in Figure 8 .
In the general case of vibration at a frequency ω, a point may follow an elliptical vibration path described by two orthogonal vectors in space, rather than a single straight line vector. In such a case the sidebands are usually no longer symmetrical: the vibration may still be quantified but its derivation may be more complicated [8] .
STRAIGHT-LINE SCANS
Circular scan descriptions of mode shapes are not usually the most convenient, being totally inapplicable, for example, to beam-like structures, where a straight-line scan is indicated. An obvious technique is to use the same procedure as for a circular scan: using the Fourier transform of a uniformspeed SLDV signal.
However, almost invariably this would cause difficulties because of the discontinuities at the ends of the scan, where the scan direction reverses.
The method described here avoids these end-point discontinuities by employing a sinusoidal linear scan, so that the scan velocity reduces smoothly to zero at these ends, [6] . The arrangement is the same as in Figure 5 except that only one LDV mirror drive is utilised.
It is convenient to assume the scan to be of amplitude + 1, and zero at the scan mid-point, so that the point addressed is:
x(t) = cosΩt. (8) The SLDV output has, as for a circular scan, a sideband structure, centred on w, which is, in this case, theoretically, symmetrical, both the magnitude spectrum and, provided the signal sample is triggered when the scan passes through the central point, the phase spectrum. The spectrum gives the mode shape as Fourier series in terms of the scan variable, Ωt. The in-phase spectrum components A an give the in-phase (real) modeshape component:
and the quadrature components A bn to give the quadrature (imaginary) modeshape component:
If the mode shape is real, only equation (9a) need be used, the sign of the coefficients being decided from the phase spectrum.
The mode shapes can be plotted in terms of x directly by using equations (8) An alternative method of analysing the SLDV data is to assume a spatial power series for the modeshape defined along the line. i.e. assume that Equation (1) becomes
Substituting for x(t) from equation (8):
When expanded out, multiple terms arise at frequencies (ω + nΩ), upper and lower sidebands are the same, for both the in-phase (real) and the quadrature (imaginary) components.
+ p i.e. v z (x,t) = A a0 cos ωt + A b0 sin ωt +Σ {A an [cos(ω − nΩ)t + cos(ω + nΩ)t] n= + 1 + A bn [sin(ω − nΩ)t + sin(ω + nΩ)t]}
After some manipulation, the A (sideband) coefficients in equation (12) can be shown to be related to the V polynomial coefficients in equation (11) Note that the sensitivity to higher polynomial components diminishes rapidly as n increases. The [T] matrix given covers values of n between 0 and 10. The mode shapes obtained by the two techniques are identical, i.e. that given by n terms of the Chebyshev series using equations (8) and (9) is the same as that given by n terms of equation (13). The latter may perhaps be more convenient in practice.
An example of a straight line scan spectrum is given in Figure 9 , and a number of mode shapes, one of which (Scan 1) was derived from the spectrum illustrated and is equivalent to the demodulated mode shape in Figure 3 . A sixth-order polynomial series was used in each case, involving the transformation matrix for terms up to x 5 .
Measurement of Angular Vibration
In analogy with a circular scan (2.3.4), a short, straight-line scan will give the angular rotations in the plane of the scan very straight-forwardly. A pair of spatially-orthogonal short scans will give x-and ydirection angular vibration, including, if there is complex angular motion, a difference in their phase angles. Some mathematical manipulation is necessary if the magnitudes and directions of the principal angular vibrations, are required.
MODAL ANALYSIS
As described above, the SLDV scanning methods give response measurements for excitation at a single input frequency. It is clearly possible to repeat this process at a series of frequencies, as in a stepped-sine test, to establish a frequency response function over a range, and with sufficient frequency resolution, to enable any conventional modal analysis process to be used to evaluate natural frequencies, modal dampings and modal constants (or residues). The obvious way to proceed might be to derive response data at discrete points on the structure from the SLDV spectrum sidebands, using equations (7) or (11), before modal analysis. Specification of such a process might be difficult, particularly for large-scale scans, where it would be difficult to decide the required spatial resolution of the points to be reconstituted in advance. In fact, it is not necessary to do this as the modal analysis procedure may be applied to the sideband responses directly. These represent weighted summations of responses which form eigen-vectors in just the same way as any other grouping of degrees of freedom. The processing necessary to derive series coefficients for mode shapes, rotational degrees of freedom, etc., may be applied afterwards, to the modal constants. If multiple FRFs have been acquired, for angular vibration measurement at a series of points, for example, or a series of straight-line scans for area coverage, this represents a considerable saving because a global modal analysis algorithm may be applied to the complete set of scan data. Sideband natural frequencies are, after all, translated by exactly the same amount in each case.
One point needs to be borne in mind: modal analysis procedures applied to FRFs involve reference to a derived natural frequency which is, when applied to sidebands, artificially translated by the scan process. This means that the "natural frequencies" derived from sideband FRFs are shifted by nΩ. In consequence, estimates of modal damping factors and modal constants for sideband n have to be multiplied by (ω r + nΩ)/ω r , ω r being the true natural frequency.
2.6 AREA SCANNING
Straight Line Scans
Spatial data to describe mode shapes of plate-like components can be obtained by a series of parallel straight-line scans. The resolution in a direction perpendicular to the scans can of course be no better than the scan spacing, and a suitable spacing has to be determined in advance. Each set of polynomial coefficients, V n , may then be curve-fitted by a polynomial series, to give a mode-shape surface This process is illustrated in Figure 9 for the plate example. 18 vertical scans at 10mm lateral spacing were transformed to polynomial ODS expressions, using 6 coefficients, i.e. 5th order polynomials, and curve-fitted using Matlab in the y-direction to represent the mode by a set of 36 V mn coefficients. Five scan lines are compared in Figure 9 and the (real) vibration response mode shape surface in Figure 10 , the clamped edge being at front right.
Note that the requirement that the mode-shape be smooth over the scanned area, so as to give a truncated Fourier series, still applies for all the area scan methods described here.
2-Dimensional Scans
Figure 11 SLDV 2-D area scan spectrum.
The whole set of 2-dimensional ODS coefficients may be obtained in one measurement, in principle, if an SLDV is scanned at frequency Ω x so that x = X max cosΩ x and simultaneously at frequency Ω y in the y-direction, so that y = Y max cosΩ y . . The number of components in the SLDV spectrum is much larger than for a straight-line scan and Ω x and Ω y have to be chosen suitably: if they are fractionally related, the scan describes a Lissajou figure over the scanned area and some of the spectrum sidebands coincide. An example magnitude spectrum, for the same plate as before, is shown in Figure 11 , with Ω x = 26Hz and Ω y = 1.55 Hz.
With this scan frequency ratio each x-axis sideband splits into a symmetrical set of y-axis sidebands, spaced by Ω y . With such a closely-packed spectrum, the flat-top window, used with an FFT to give adequate amplitude measurement accuracy, may introduce leakage problems unless the frequency resolution is sufficiently small. Figure 11 is an 801-point zoom FFT including only part of the spectrum: the 0, +1, +2 and +3 x-axis sideband groups. (The whole spectrum is symmetrical about the excitation frequency.) Whether curve-fitting or using an FFT, a relatively long signal sample is necessary to resolve all the potential component frequencies.
The number of sidebands is reduced if the scan length in one direction is reduced in extent. On beam-like components, for example, the scan in one (y) direction must be comparatively short, giving just one pair of Ω y sidebands at each Ω x sideband, and then only with torsional modes of vibration.
The spectrum components A mn may be used directly to plot the area ODS, in an extension of the method described in Section 2.4 for a line-ODS, using the sideband amplitudes in a Chebyshev series: 
[V] = [T][A][T]
T.
Application to Non-Flat Surfaces
There is in principle no necessity for the scanned surface to be flat (provided the deviations are not so great as to cause difficulties with LDV beam focusing), the SLDV will still give the vibration modeshape, projected in the direction of incidence of the SLDV beam. For flat surfaces, in-plane vibration usually involves effectively rigid-body motion, or none at all, but this cannot be assumed for surfaces that are not flat. Line scans incident from several different directions (usually three) are therefore needed to define the surface's mode shape properly.
This introduces a new problem, nominally-straight scan lines projected from different directions on to a curved surface inevitably follow different trajectories over the measured surface. A series of parallel scans therefore require interpolation and a spatial transformation to correlate the different viewpoints. Li et al. [1] describe this process in connection with stepped LDV measurements on a cylindrical curved surface; a similar process would be required here.
Problems may also be encountered in ensuring that the mode-shape is smooth. There may be difficulties in avoiding apertures in the structure, or in stopping the scans going beyond the confines of the structure's area.
Structures with spatial discontinuities generally exhibit corresponding mode-shape discontinuities. In particular, any features extending perpendicularly from a surface can cast mode-shape "shadows" involving sudden amplitude steps in an SLDV's output waveform.
3. CLOSING REMARKS The techniques described here represent a considerable widening in the application of laser Doppler vibrometers. They are, in the main, convenient and quick to use, and require little equipment additional to that normally available in a vibration test laboratory. There is no requirement for optical-bench instrument stability, the LDV can be tripod-mounted, and the techniques need not be confined to a laboratory situation.
The amount of data generated is relatively small. Special-purpose data processing software is obviously desirable, particularly if FRF data for modal analysis is required, but not essential. The data illustrating this paper, including that for the multiple line scans, were all logged from a standard, commercial 4-channel FFT spectrum analyser. This paper does not mark the completion of research into SLDV techniques. Work is continuing to develop more detailed application procedures and to apply them to specific fields of interest, such as modal analysis and structural defect diagnosis. New test methods involving SLDVs, also, inevitably seem to arise in the process.
